This study investigated patterns of Escherichia coli in urban lakes in Lubbock, Texas. Specific objectives were to (1) document seasonal patterns in abundance of E. coli over a 3-year period,
INTRODUCTION
Water contaminated with feces has long been recognized as posing potential health risks to its users. Concern especially arises when fecal contamination occurs in drinking water, irrigation water, or water near populated areas. Although fecal deposits contain many different types of bacteria, screening for the presence of Escherichia coli has become a standard method for identifying waters contaminated with feces because identification of this species is relatively rapid and inexpensive (American Public Health Association Situated at the southern extent of the Great Plains Escarpment is a semi-arid region dotted with numerous small ephemeral wetlands known as playa lakes. Playa lakes are typically less than one acre in surface area, and it is estimated that there are more than 25,000 of these small wetlands in the region (Smith ). Lubbock, Texas, a city of approximately 250,000 people, is located within an area of particularly high playa lake density. Playa lakes that naturally occur within the landscape that became the 
MATERIALS AND METHODS
Six urban lakes in and around the city of Lubbock, Texas were chosen for sampling based on size, location, and the presence of artificial aeration devices. Study lakes ranged in size from approximately 1 ha to 9 ha in surface area (Shavlik ) , and three of the lakes contained cityinstalled and operated fountains. Within each lake, three sampling locations were chosen across the longest axis of the lake, and the global positioning system coordinates of each of these locations were recorded for consistency of sampling over time. 
Statistical analyses
All statistical analyses were conducted using SPSS version 22 (IBM Corp.). A one-way analysis of variance (ANOVA) was conducted for all variables collected from each lake to determine if any spatial gradient patterns existed between the left, center, and right sampling locations in each lake.
For all other analyses, data were separated into a 'summer' Assumptions of the multiple regression model were evaluated using standard procedures. Visual inspection of scatterplots indicated that the data for the dependent vari- Abundance of E. coli, although variable across lakes, was relatively stable within individual lakes for the duration of the study and only two clear patterns of abundance across lakes were discernable ( Figure 1) . First, there appeared to be a modest increase in E. coli in most lakes during the beginning of the winter seasons, particularly in October through January. The second across-lake pattern observed was two major spikes in E. coli abundance that occurred in the August 2011 and the June 2013 samples, which were collected just after major precipitation events ( Figure 1 ).
Both visual inspection of graphs and results of one-way
ANOVAs revealed that for all lakes and variables, there were no systematic differences between samples taken from the left, center, and right locations of each lake. Test P-values were all non-significant and ranged from 0.50 to 0.99. Therefore, in subsequent analyses, we averaged the predictor variables assessed, pH was a significant variable in four of the six final models ( were present in less than half of the models except for salinity, which was the only variable not represented in any of the winter models.
As temperatures declined during the winter months, the number of geese in and around the study lakes increased ( Figure 2 ). Peak goose abundance occurred each year at the same time as the coldest water temperatures were observed. The overall mean winter season goose number across all six lakes was 325 geese per lake (Table 2) .
Although means are presented, it was not uncommon for Predictor variable is log 10 of Escherichia coli abundance. of pH in these systems may not be directly comparable to other systems, strains, and locations that have been studied.
Additional study is needed to better understand these relationships in natural environments.
Dissolved oxygen was also an important environmental factor during the summer season, as indicated by regression models. As a facultative anaerobe, E. coli should not be pre- Thus, it appears that oxygen is somehow involved as a key explanatory factor in E. coli abundance.
We were unable to directly compare relationships between dissolved oxygen and E. coli across lakes, because we sampled lakes in the same order on each sampling date and cannot account for the differential ability of water to hold oxygen at different temperatures. However, even without accounting for temperature, the lakes in our study that () and Beutel and Larson () reported that inactivation of E. coli increased strongly with increasing dissolved oxygen.
The results of our study combined with information gleaned from the literature regarding solar inactivation of bacteria and its relationship to dissolved oxygen and pH lead us to conclude that solar radiation is likely the primary control mechanism for E. coli in the urban lakes we studied, and that the extent to which solar activity decreases bac- between individual lakes at any given time.
One of the major limitations of PCA is that it is not poss- The present study also raises additional questions and identifies information gaps regarding the nature of the presence, location and abundance of E. coli in urban lakes.
Clearly, E. coli is present in or within close proximity to the lakes as indicated by the two instances in our study (August 2011 and June 2013 samples), where extremely high abundances were observed shortly after rainfall events large enough to create runoff. On these two dates, samples were taken just after single rainfall events of more than 6 cm (2.4 inches). Equivalent and even greater total monthly amounts of rainfall occurred during the study, but were spread over several small precipitation events. Thus, it appears that heavy rainfall somehow affects the amount of E. coli in the water column. One possible explanation is that bacteria could be in greater abundance in lake-bottom sediments that get stirred up during runoff events, or per- 
CONCLUSIONS
Escherichia coli is present in the urban lakes of Lubbock, Texas year-round and is in high enough concentrations to warrant concern. Although several environmental variables play a role, pH, and dissolved oxygen, in concert with solar irradiation, appear to be the most important variables determining the abundance of fecal bacteria in the lake ecosystems. There is a high likelihood that the primary source of fecal contamination in the lakes comes from the Canada geese that migrate to the area each winter, although additional studies will need to verify this supposition.
Increasing the dissolved oxygen concentration of the lake water, particularly in the summer months, through the use of fountains or other aeration devices, is a relatively simple method to reduce the abundance of E. coli in the lakes. The numerous and complex interactions that occur among environmental variables in dynamic open aquatic systems makes it challenging to fully understand the ecology of an organism such as E. coli. Information regarding the sources, growth, persistence, and control of urban bacterial communities will only continue to grow in importance. This exploratory study, having revealed some of the most likely important relationships, will provide guidance to future investigations as they seek answers to more specific questions about bacterial communities in urban aquatic systems.
